Introduction
Series of binuclear transition-metal complexes which display different physical properties have been investigated extensively in recent years. This is partly because of the use of such complexes to mimic aspects of bimetallic bio-sites in various proteins and enzymes [1, 2] , and partly because of attempts to understand the structural and electronic factors that govern magnetic exchange phenomena [3 -6] . The previous papers in this series have sought to establish various criteria for judging the viability of a particular single-atom or polyatomic bridging unit to support magnetic exchange interactions between two paramagnetic metal ions [7 -9] . Many of the papers have been concerned with exchange interactions in binuclear copper(II) complexes and the results have indicated that the strength of the exchange interaction depends primarily upon the symmetry and energy of the copper(II) 0932-0776 / 05 / 0200-0143 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ion ground state relative to the highest occupied molecular orbitals of the bridging moiety. The complexes exhibit ferromagnetic or antiferromagnetic character depending on their geometry.
Recently, we have studied the crystal structure and magnetic properties of µ-acetato-N, N -bridged dicopper(II) complexes of 1,3-bis((5-bromo-2-hydroxybenzylidene)amino)-propan-2-ol, 1,3-bis((2-hydroxy-1-naphthylidene)amino)-propan-2-ol [7, 9] and µ-pyrazol-N, N -bridged dicopper(II) complexes of 1,3-bis((3,5-dichlorosalicylidene)amino)-propan-2-ol, 1,3-bis((3,5-dibromosalicylidene)amino)-propan-2-ol [10] and 1,3-bis(2-hydroxy-3-methoxybenzylidene) propan-2-ol [11] . In this study, we present the synthesis, crystal structure and magnetic properties of a binuclear copper(
] of a Schiff base derived from m-phenylenediamine. We have measured the magnetic susceptibilities in the temperature Scheme 1. range 5 -301 K to investigate the relationship between the magnetic properties and the molecular structure. We also performed EHMO calculations to determine the nature of the frontier orbitals and to clarify the influence of the bridging ligand m-phenylenediamine on the super-exchange interaction in the investigated complex.
Experimental Section
Synthesis 2-Hydroxy-3-methoxy-benzaldehyde and 1,3-diaminobenzene were purchased from Aldrich. The yellow Schiff base ligand N, N -bis(2-hydroxy-3-methoxy-benzylidene)-1,3-diaminobenzene was synthesized by reaction of these compounds in a 1:2 molar ratio at room temperature and obtained from the solution on cooling. For the preparation of the Cu(II) complex, the Schiff base ligand (1 mmol, 0.35 g) was dissolved in hot acetonitrile (50 ml) and a solution of Cu(CH 3 COO) 2 ·H 2 O (1 mmol, 0.20 g) in hot methanol (40 ml) was added. The resulting mixture was set aside for 3 d and the prismatic dark blue crystals which formed were filtered off and washed with cold ethanol (Scheme 1 
X-ray structure determination
A crystal of dimensions 0.30 × 0.20 × 0.05 mm 3 was mounted on an Enraf-Nonius CAD-4 diffractometer [12] (graphite monochromatized Mo-K α radiation, λ = 0.71073Å). Experimental conditions are summarized in Table 1. Precise unit cell dimensions were determined by leastsquares refinement on the setting angles of 25 reflections (2.32 • ≤ θ ≤ 29.20 • ) carefully centred on the diffractometer. The standard reflections (103, 103, 222) were measured every 7200 s and the orientation of the crystal was checked after every 600 reflections. A total of 6257 reflections were recorded, with Miller indices h min = −11, h max = 4, k min = −13, k max = 13, l min = −13, l max = 13. The structure was solved by SHELXS-97 [13] and refined with SHELXL-97 [14] . The positions of the H atoms bonded to C atoms were calculated (C-H distance 0.96Å), and refined using a riding model. H atom displacement parameters were re- 
stricted to be 1.2 U eq of the parent atom. The hydrogen atoms of the water molecule were located in the difference Fourier maps calculated at the end of the refinement process as a small positive electron density and were not refined. The final positional parameters are presented in Table 2 . Crystallographic data (excluding structure factors) for the structure reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 220656 [15] .
Susceptibility measurements
Variable-temperature magnetic susceptibility measurements of a powdered sample were performed with a QUAN-TUM Design SQUID magnetometer in the temperature range 5 -301 K. The applied field was about 2 T. Diamagnetic corrections of the molar magnetic susceptibility of the compound were applied using Pascal's constant [16] . The effective magnetic moments were calculated by the equation µ eff = 2.828(χT) 1/2 , where χ is the magnetic susceptibility per Cu(II) ion.
Molecular orbital calculations
Extended Hückel molecular orbital (EHMO) calculations have been performed in order to gain insight into the molecular orbitals that participate in the super-exchange pathway by using the Computer Aided Composition of Atomic Orbitals (CACAO) package programs [17] . The interatomic distances were taken from the X-ray results. Molecular orbital representations were plotted using the CACAO software [17] .
Results and Discussion

X-ray crystal structure
A perspective drawing of the molecule is shown in Fig. 1 [18] . Selected bond lengths, angles and hydrogen-bonding interactions are summarized in Table 3. The molecule is a centrosymmetric dimer with the coordination centres bridged by two m-phenylene groups. The distance between the Cu1 and Cu1 a [symmetry transformation used to generate equivalent atoms: a (−x, −y + 1, −z)] centres in the dimer is 7.401(6)Å. Also, the closest separation between Cu(II) ions belonging to neighbouring molecules in the unit cell is large (8.953(6)Å) and precludes significant intermolecular magnetic interactions. The coordination about each copper atom can be described as distorted tetrahedral since the angle between the two ligands is 51. Fig. 1 for labelling scheme adopted). Table 2 ). Displacement ellipsoids are plotted at the 50% probability level and H atoms are presented as spheres of arbitrary radii. Hydrogen bonding interactions are represented by broken lines. distances are 1.896(4) and 1.961(4)Å, respectively. The N1-Cu1-N2 and O1-Cu1-O2 angles are 100.4(2) and 91.2(1) • , respectively. Those distances and angles are in the range of those of conventional Schiff base copper(II) complexes of similar coordination [18 -21] .
Bond lengths
The bridging phenylene rings form dihedral angles of 45.5(3) and 61.4(2) • with the two chelate rings to which they are attached and are mutually parallel, the interplanar separation being 3.433Å. This distance is larger than the corresponding value of 3.05Å for a similar copper(II) complex [20] , but smaller than 3.717Å observed for a similar cobalt(II) complex [22] . Table 3) .
Magnetic properties
Magnetic susceptibility measurements for a powdered sample were carried out by the SQUID based magnetometer in the temperature range 5 -301 K. The magnetic susceptibilities are shown as a function of temperature in Fig. 2 , and the magnetic moments are shown as a function of temperature in Fig. 3 . The magnetic susceptibility data were fitted by using the Curie-
= 0.125 and a Curie-Weiss constant θ = −0.4 K. In addition, the data were fitted using the Bleaney-Bowers equation [23] 
+ N a (1) and the isotropic (Heisenberg) exchange Hamiltonian H = −2JS 1 · S 2 , where −2J corresponds to the energy separation between spin-singlet and -triplet states, for two interacting S = 1/2 centres. N α is the temperature-independent paramagnetism and its value is 6 · 10 −5 cm 3 /mol for each copper atom. Least squares fitting of the data leads to J = −0.4 cm −1 , g = 2.17. Magnetic moments were obtained from the relation µ eff = 2.828(χT) 1/2 . The magnetic moment at 301 K is about 2.75 B.M., and 2.56 B.M. at 5 K.
Extended Hückel molecular orbital calculations (EHMO)
We have carried out EHMO calculations in order to gain insight into the MO's that participate in the superexchange pathway. An energy difference of 0.140 eV is obtained between the HOMO and the LUMO (Fig. 4) . The LUMO is a symmetrical orbital combination, whereas the HOMO is an asymmetrical combination. As can be observed, the Cu metal centres use d x 2 −y 2 type orbitals for a π interaction with p N orbitals of the m-phenylenediamine bridging fragment. 
A qualitative relationship
A qualitative relationship between the magnitude of ground-state magnetic exchange interaction and separation between the two one-electron reduction waves can be set out for binuclear copper(II) complexes. A molecular orbital approach can be used to assess the antiferromagnetic contribution to a magnetic exchange interaction. In a dinuclear copper(II) species, each copper(II) ion has one unpaired electron in an essentially d-type orbital and, to first order, the antiferromagnetic interaction reflects the level of interaction of the two unpaired-electron orbitals. The interaction between the two copper(II) d orbitals is effected by an interaction with the appropriate molecular orbitals of the bridging group. If the two copper(II) ion coordination geometries in a binuclear complex are square planar, then two molecular orbitals, ϕ 1 and ϕ 2 , will form as linear combinations of the two d x 2 −y 2 orbitals.
According to Hoffman and co-workers [24, 25] in dinuclear complexes strong antiferromagnetism is observed if the energy separation of the symmetric and antisymmetric combination of the two molecular orbitals is large, irrespective of the fact which combination is lower in energy. The coupling constant is expressed as
where, K ab , J aa and J ab are the exchange integral and one-centre and two-centre Coulomb repulsion integrals, respectively, and ε 1 and ε 2 are the energies of the two orbitals ϕ 1 (HOMO) and ϕ 2 (LUMO), respectively. The value of K ab is always positive, so the first term in (2) contributes to the ferromagnetic interaction, while the second term, which is always positive, contributes to the antiferromagnetic interaction. From the above expression (2) for the exchange parameter, it is seen that the binuclear complex with the greater antiferromagnetic interaction has the larger (ε 1 − ε 2 ) energy difference. Very recently, we have studied the crystal structures and magnetic properties of (µ-hydroxo)(µ-acetato) and (µ-hydroxo)(µ-pyrazolato) bridged dicopper(II) complexes [9 -11] . For these binuclear copper complexes the (ε 1 − ε 2 ) energy differences were found to be 0.605, 0.645 [9] 0.648 [11] and 1.11 eV [10] .
Conclusion
In general, several structural features of binuclear copper(II) complexes are thought to regulate the Scheme 2. strength of exchange coupling interactions: (i) the dihedral angle between the two coordination planes, (ii) planarity of the bonds around the bridging atom, and (iii) the bridging atom(s) and bridging angles [26, 27] . But, the variation of the strength of the super-exchange interaction cannot be explained completely by the structural features of binuclear copper(II) complexes. A different approach must be discussed to clarify the origin of the super-exchange mechanism of this system.
In the light of the value of the exchange constant J, two points deserve to be discussed: (i) the exchange pathway between the two paramagnetic copper(II) ions and (ii) the variation of the antiferromagnetic coupling of the copper(II) ions. Dealing with the first point, studies of magnetic exchange between paramagnetic metal ions exhibiting a tetrahedral environment are very scarce [28, 29] . Tetrahedral Cu(II) complexes present magnetic orbitals of t 2 symmetry and, as such, the π interaction with ligands can be very important. In addition, it has been suggested that the magnetic interaction through extended bridging ligands having a π-conjugated system is mediated via the delocalized π framework [29 -31] . In fact, the EHMO calculations [17] on the m-phenylenediamine bridging fragment show that the HOMOs are of π symmetry. Scheme 2 can be used to describe the magnetic interaction therein. One can see that the overlap between the 3d xy orbital of the metal ion and the p orbital of the bridging ligand is greater than that involving 3d xz and 3d yz , whereas the overlap with the phenolato-oxygen orbitals (p x , p y and p z ) is identical for the three 3d orbitals. In this respect, the trend of the orbital energy will be ε dxy > ε dxz ≈ ε dyz and due to the larger overlap between the d xy orbital and those of the bridging ligand this 3d xy orbital will be mainly responsi-ble for the magnetic interaction [32, 33] . In the investigated copper(II) complex, a distortion of the tetrahedron occurs, consisting of a shift of the phenolato oxygen atoms in such a way that they are occupying the middle point of the edge of a cube as shown in Scheme 2. Such a distortion in the copper(II) family causes a larger interaction between the d xz orbital and those of the phenolato oxygen atoms, and raise the energy of this orbital placing it above d xy . However, this distortion does not modify significantly the overlap between the d xz orbital and those of the bridging ligand. So, the electronic configuration for the copper(II) complex exhibiting the above-mentioned distortion is
On the second key point, the dependence of the J parameter on the metal ion for a given ligand is explained by a qualitative relationship. Our results strongly suggest that the antiferromagnetic interaction in the dinuclear compound must be mediated by the delocalized π framework of the m-phenylenediamine fragment.
